This investigation was undertaken following a suggestion that finger agnosia occurred after prefrontal leucotomy. A preliminary investigation did not reveal the presence of finger agnosia as described by Gerstmann (1924) but confirmed the existence of a post-operative difficulty in localizing tactile stimuli on the fingers. Accordingly, the present investigation was designed with the object of examining the extent and nature of this defect and in the hope that the nature of the errors would reveal something of the mechanism by which normal localization of tactile stimuli occurs.
Although tests of tactile localization are used clinically, and may assist in the diagnosis of cerebral damage, very little is known concerning the neurological and psychological mechanisms mediating the " local sign " of tactile stimuli. The most notable clinical studies are those of Head (1920) who convincingly demonstrated the impairment of tactile localization which may attend parietal lobe dysfunction. Head also studied the restitution of sensory function following section of the radial nerve. His studies of peripheral nerve lesions led him to postulate the famous protopathic-epicritic dichotomy whereby it was claimed that only epicritic nerve fibres mediated local sign, thus reverting in essence to the " doctrine of specific nerve energies ". This suggestion has been seriously challenged by Walshe (1942) on theoretical grounds, and Sherrington (1947) has suggested that the essential peripheral basis of tactile local sign might be the distribution of overlapping sensory units. In the case of defects of tactile localization resulting from cerebral injury Head asserted that such defects occurred only as a result of parietal injuries and that, when errors of localization on the fingers occurred, their distribution was consistent with random guessing and provided no evidence for supposing either that errors were more frequent in the case of some positions than others, or that stimuli were erroneously referred more frequently to one site than to another. He refers to a conceptual " schema " of tactile (and proprioceptive) orientation which presumably is either intact or, when impaired by brain damage, impaired in an essentially non-specific way.
Gerstmann has claimed that with some cerebral lesions there is a condition described as finger agnosia in which there is an inability to recognize individual fingers. It is not clear, however, that in these cases there is an impairment of the ability to make a localizing response to stimuli on the affected fingers.
Investigations in this field undertaken by psychologists have been almost exclusively concerned with healthy subjects, and have been devoted largely to testing the relative efficiency of different skin areas and to demonstrating the presence of systematic errors of tactile localization. Thus it has been known for many years that the accuracy of tactile localization depends greatly on the part of the body stimulated. It is also well known that stimuli tend to be displaced towards the nearest joint rather than away from it, and towards the pre-and post-axial borders of the limb. In one of the more important contributions to the subject Spearman (1906) demonstrated many of the factors involved. He showed that when a point on a limb was stimulated the subject tended to refer it in a direction which was dependent on the relative position of the stimulus site to the rest of the body, and, in particular, that the direction in which an error was made was related to the direction in which the stimulated part deviated from its mid-position with reference to the next proximal joint. Some of these results have been confirmed by Hulin (1935) , who also showed that when a limb was stimulated in motion then the direction of movement correlated with the direction of the error. He also showed that the position of the model on which the localization is identified by the subject is also of importance. None of these studies has been primarily concerned 272 with the mechanisms which enable higher level responses to be made in a way which is dependent on the locus of the tactile stimulus. Many of them have presupposed a fixed " sensory map " of a type which is incompatible with modern views of cortical physiology. Methods The method used here for the examination of tactile localization on the fingers is that of Henri (Head, 1920) , in which the subject indicates on a three-dimensional model the position corresponding to the site of stimulation. As in Head's work the model used was the corresponding hand of one of the examiners. The subject was stimulated by a second examiner who used a wooden stylus with a 1 mm. rounded end. The intensity of the stimulus was not precisely controlled but the stimulus may fairly be described as a light touch of about '-second duration. Stimuli which were not perceived at all were always repeated but not stimuli whose mere location was inadequately perceived. Most testing was done with the patient in bed. The stimulated hand lay comfortably on a board in the prone position with the fingers slightly spread. During stimulation the subject's hand and the experimenter's arm were shielded from the subject's view, but the model hand was continuously before the subject who was required to indicate the site of stimulation by pointing to the model with a pencil held in the free hand. The subject's response was recorded diagrammatically by one of the examiners.
During each test session the four fingers (but not the thumb) of both hands were stimulated four times. These four stimuli on each finger were placed two on either side of the finger, and the two stimuli on each side of the finger were placed one in the middle of the distal phalanx and one in the middle of the second phalanx. Each position was stimulated-once; a total of 32 stimuli for every test session. Differential fatigue and practice effects on the two hands were obviated by alternating the stimulation of the two hands in groups of four stimuli. The order of stimulation of the two hands is shown by the series ABABBABA where each letter represents four stimuli to one hand, and a change of letter a change in the hand stimulated. In each hand, and on each occasion of testing, the order in which the sites were stimulated was random. As a further precaution the hand first stimulated on each occasion of testing was alternate to the hand first stimulated on the immediately previous test session. The thumb was not stimulated, because during the pilot stage of the investigation it was found that stimuli on the thumb were always correctly referred even when considerable difficulty was experienced in localizing stimuli on the fingers. Subjects were instructed that the stimuli would always occur on the sides of the fingers and either in the middle of the second or third phalanx and they were required to make their responses in accordance with these standards.
In estimating error in tactile localization two principal methods may be used. Either the direction and distance of the error may be recorded or else responses may be scored according to arbitrary standards of accuracy. Since it is not justifiable to regard the hand as an equipotential sensory surface, and since there are obvious difficulties attached to measuring extent of error when, for example, a stimulus is referred to the wrong finger, the second alternative has been adopted. This procedure is further justified by the fact that pilot studies suggested that errors were usually on a conceptual basis, e.g. the subject might refer the stimulus to the wrong finger but to the correct position on the finger.
The Incidence of Errors.-Pre-operatively a total of 2.064 stimuli were applied to our 22 subjects and of these 273 (13%) were incorrectly localized. This high incidence of errors was largely due to lack of practice on a novel test. After leucotomy 2, 118 (21%1) of 10,096 stimuli were incorrectly localized, an increase in the frequency of errors which is clearly significant (p<0001). Only very occasionally was the patient too confused to cooperate on the first post-operative day. If the subject was able to attempt the task then some stimuli were correctly located. Performance was most seriously impaired immediately post-operatively and improved as convalescence progressed. The error frequency for the first four weeks was 26-1%, 22-5%, 22 0%, and 16-4% respectively.
The frequency with which errors occurred was not the same at each site of stimulation nor for each hand. The distribution of errors over the two hands is shown in Fig. 1 . In order that the preand post-operative patterns can be compared, and to exclude excessive weighting of the pattern by any one subject, the error at each site is also expressed as the mean percentage error for all 22 subjects. Closer inspection of the data presented in Table I shows, however, that in the case of 10 of the 16 sites of stimulation pre-operatively and 11 of the 16 sites post-operatively more errors were referred to a position at two removes from the site of stimulation than to the position immediately adjacent to the stimulus site. That is to say, errors are more frequently referred to the corresponding position on an adjacent finger than to the wrong side of the stimulated finger. Similarly, when errors are referred to an adjacent finger most of these errors are referred by the subject to the side of the finger corresponding to the stimulated side of the stimulated finger. This occurs irrespective of whether that side is nearest to or more remote from the stimulated finger than the alternative side. Thus in both hands pre-and post-operatively three times as many of the stimuli applied to the ulnar side of the third finger are referred to the ulnar side of finger 4 as are referred to the radial side of this finger, although this latter side is nearer to the site stimulated. Similarly, many more of the stimuli applied to the radial side of the fourth finger are referred to the radial side of the third finger than are referred to its ulnar side.
The fact that one aspect of the stimulus situation is correctly perceived even when the total interpretation is wrong suggests that localization is taking place on a " conceptual " basis and that localizing responses are made to more than one spatial attribute or dimension characterizing the site of the stimulus. These different aspects of the stimulus may be perceived with different degrees of accuracy. Two such dimensions appear to be present in the particular performance under investigation. These are (1) the finger stimulated, and (2) the side of the finger stimulated. The mutually inclusive case of "mislocalizaton" of both the finger and the side in the same response is not considered separately.
In Fig. 2 (Table III) shows that the distributed in a way which is obviously similar to distributions over the eight sites of finger errors and the distribution of ulnar side errors. Like the of side errors are different to a significant degree. finger errors they tend to be more frequent on the In addition to the difference in frequency between central fingers and, with the exception of the left ulnar side errors and ulnar finger errors there is hand post-operatively, they are more frequent on also a marked difference between the distributions the ulnar side of the hand. over the four fingers of the two types of ulnar The observation that the factors governing the error. Fig. 2 shows clearly that in the case of occurrence of side errors and finger errors appear ulnar side errors there is a gradient of increasing to be different and that the differences in the distriweakness from the ulnar to the radial side of the butions reach a high level of significance justify the It has been pointed out above that in the case of side errors 67-2% of these errors follow stimulation of the ulnar side of a finger. This is equivalent to saying that 67-2% of side errors are referred in a radial direction since, in the case of side errors, direction of referral and the side of the finger on which the error occurs are interdependent.
In the case of finger errors 81 4% of such errors occurring on digit 3 and 36-0% of those occurring on digit 4 are referred in an ulnar direction. That is to say, in the case of both of the fingers in which there is some freedom in the direction in which finger errors may be referred there is a tendency for errors to be referred towards the middle two fingers of the hand. Analysis of Table I shows that there is an overall tendency for finger errors to be referred in an ulnar direction (68%) rather than in a radial direction. This cannot be accounted for by the excess of errors on digit 3.
A more striking result is the dependence which is observed of the direction of referral of finger errors upon the side of the finger stimulated (Table IV) It has been reported above that side errors following stimulation of the ulnar side of the fingers were much more frequent on the radial side of the hand and that radial side errors were slightly mnore frequent on the ulnar side of the hand. This fact may be expressed in terms of the direction of displacement of errors: the direction of displacement of side errors is contingent on the side of the hand stimulated, side errors on the fingers on the radial side of the hand tending to be displaced radially and conversely for side errors on the ulnar side of the hand.
These two effects, the contingency of the direction of finger errors on the side of the finger stimulated and the contingency of direction of side errors on the side of the hand stimulated, may be due to a " contamination " between two conceptual systems involved in the performance of the task. These two conceptual systems would relate to perception of the side of the hand stimulated and to perception of the side of the finger stimulated. Such evidence has implications for a theory of tactile local sign and will be discussed below.
Further Observations Presentation of our observations in a summary manner tends to obscure the details of the errors made by our subjects. Thus in the immediate post-operative period one or two seriously confused patients made bizarre types of response. On one occasion one subject remorselessly indicated each finger in turn regardless of the site of stimulation. For a short time post-operatively several patients made errors of a perseverative type, repeatedly indicating the same position although successive stimuli were at different sites. It was also apparent that subjects would occasionally confuse the two sides of the hand. Following stimulation of the second finger, for example, a subject would hesitate between the two sides of the hand but show no interest in the middle two fingers. It was also clear that mislocalization was not always related to a feeling of uncertainty. Thus for several sessions a subject would place the site of a particular stimulus incorrectly but with complete confidence and with no tendency to make a correct response.
Individual differences in error pattern were quite marked post-operatively, but as only six subjects made 10 or more errors each pre-operatively, it was not usually possible to establish that these individual differences existed before operation. In order to elucidate this point an alternative method of investigating tactile localization has been devised and the results will be reported in a subsequent communication.
In using the method of Henri we have assumed that the localization of stimuli to a three dimensional model is a task which is essentially similar to the localization of stimuli to the actual site of stimulation on the hand of the subject. Both of these tasks involve matching in the sense in which Head employed the term, and this, he claimed, did not involve verbalization. It seems likely that the difference between the two tasks is in the degree of difficulty rather than in the nature of the functions involved. Observation of a few of our patients showed that, even when the " groping error " is excluded, localization to the subject's own hand was a more accurate performance but errors of a " conceptual " type were still present. Thus different distributions of errors at the different sites were observed in the case of finger errors and side errors, as were some of the contaminatory effects discussed above. Differences between the results obtained using the two methods did occur but these differences were not such as might alter the theoretical position maintained in this paper with respect to errors made in localizing to a model. It is hoped to report in a later paper differences due to variations in technique and their implications for a theory of tactile localization.
Effect of the Operation
In the main analysis little distinction has been made between the results obtained pre-operatively and those obtained after leucotomy. This has been justified by the consistency of the results obtained and the close similarity of pre-operative and post-operative error patterns. Nevertheless, differences do exist. It has been reported above that the total percentage of errors increases following the operation. In addition to this there are some changes in the distribution of errors on the hands. In the case of the left hand (Table V) Unfortunately, when the data under consideration are the results summed for all subjects, unequivocal changes in the distribution of errors following operation cannot be proved. This is precluded by' the possibility that individual subjects with different error patterns may be unequally impaired by the operation and so produce an artifactual change in the mean pattern of errors.
It is not proposed to discuss individual differences in detail here, as this question will be reported upon elsewhere. However, it may be said that our results suggest that, in at least some of our subjects, the operation produces a change in the distribution of errors. Thus, in two of our subjects it can be shown that pre-operatively the ratio of errors following ulnar stimulation of a finger to those following radial stimulation is greater in the left hand than in the right, and that this difference is significantly reduced following the operation. It is possible that, in these cases, pre-operatively the side of the finger stimulated, left or right, is being used as a standard of judgment and that post-operatively this dimension of orientation is less prominent. This would be consistent with the results of the data summed for all subjects in so far as they suggest that frames of reference other than the anatomy of the area stimulated may play a role in tactile localization. Orientation in terms of left and right may be such an " external " frame of reference. Of particular interest is the contingency of the type and direction of error on the site of stimulation. Thus the different distribution on the hands of finger errors and side errors suggests that the subj -ct may decide separately which finger and which side of a finger is stimulated. This observation would be difficult to explain as a failure of a directly representational system, and even less consistent with such a theory are the observations concerning the effect of site of stimulus on the direction in which stimuli are erroneously referred. Thus finger errors are displaced mainly in the direction of the side of the finger stimulated, and radial and ulnar displacement of side errors most frequently follow stimulation of fingers on the radial and ulnar sides of the hand respectively. Such results are more consistent with the hypothesis that localizing responses to tactile stimuli are made on the basis of a group of concepts in terms of which such tactile stimuli are organized. According to this theory, when errors occur their location is likely to be determined not only by the adequacy of sensory information but also by the efficiency of interpretation. Moreover, the direction of displacement of errors could be partly determined by a confusion between two frames of reference. Thus, a stimulus on a finger on the ulnar side of the hand would have a quality of " ulnamess " with respect to the side of the hand stimulated, and this quality might wrongly be attributed to the side of the finger stimulated. That is to say, the frame of reference by which the side of the finger stimulated is recognized is contaminated by the frame of reference by which the side of the hand stimulated is recognized. In the same way, a stimulus on the ulnar side of a digit may erroneously be referred towards the ulnar side of the hand, as is also found to occur in our results. In this case, the awareness of " ulnar" stimulation derived from the side of the finger stimulated is attributed to the side of the hand. This kind of effect could be described as the confusion of two dimensions of orientation. " Conceptual contamination " of this type has been observed experimentally, particularly in sorting tests of conceptual thinking or " categorical abstraction ". For example, in Weigl's (McFie and Piercy, 1951) test an organically impaired patient may attempt to sort objects by their shape but the performance may be contaminated by a tendency to sort according to colour at the same time.
Discussion
In some of our subjects the ratio of errors following ulnar stimulation of a finger to those following radial stimulation is pre-operatively greater in the left hand than in the right. This difference suggests the possibility that the side of the finger, left or right, is also used as a standard of judgment. However, the data is insufficient or the effect too small to stand up to tests of statistical significance in more than two of our subjects. It is noteworthy, however, that the effect is reduced post-operatively. Such an impairment of a dimension of orientation would be consistent with the restriction of perceptual grasp commonly observed in cases of organic brain damage.
Tactile localization on the fingers may thus be regarded as a special instance of the general problem of orientation, and it may be that the orientation of an individual in relation both to his own body and to his external environment depends upon the integrity of a comparatively small number of simply structured dimensions of reference which determine the interpretation placed on incoming stimuli.
Summary
Tactile localization on the fingers has been studied pre-and post-operatively in patients undergoing prefrontal leucotomy. Although the frequency of gross errors was increasea post-operatively similar errors were made before operation, and it was concluded that the operation impaired an imperfect skill in an essentially non-specific manner. The incidence of errors and the direction in which stimuli were erroneously referred were found to depend on the site stimulated. Thus the distribution of errors resulting from the subject's indicating the wrong finger (finger errors) was different from the distribution of errors resulting from the subject's indicating the wrong side of a finger (side errors). This suggests that the subject decides separately which finger and which side of a finger is stimulated. Further, the direction of referral of finger errors is positively related to the side of the finger stimulated, and the direction of referral of side errors is similarly related to the side of the hand (ulnar or radial) stimulated. This result has been interpreted as a confusion on the part of the subject between two standards of reference or " concepts ", the side of the finger stimulated and the side of the hand stimulated.
These observations are consistent with the hypothesis that normal tactile localization in man occurs through the intermediary of certain dimensions of orientation or concepts. The relevance of these observations to theories of postural orientation and orientation in external space is indicated.
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